Allochthonous organic matter is a major energy source for headwater stream ecosystems. Therefore, examinations of how energy flows throughout these streams requires knowledge of mechanisms driving leaf input, retention and export. In this study we quantified the major input pathways and retention dynamics of coarse particulate organic matter (CPOM) in an Atlantic Rainforest stream in southern Brazil. We hypothesised that much of the temporal variability in the CPOM budget would be driven by precipitation, and thus we focus especially on the importance of vertical v. lateral input pathways, precipitation-driven inputs v. stocks, and composition of CPOM throughout 1 year. Most leaf litter entered the stream by the lateral input pathway (70.5 g m À2 month À1 AE 108 s.d.) compared with the vertical (32.4 g m À2 month À1 AE 17.5 s.d.), and lateral input was correlated with precipitation and bank slope. In addition, torrential rainfall caused a net decrease in CPOM by reduction in the benthic stocks. Finally, six species represented 52.9% of total leaf input, where the most important (,25% of total input) was Schizolobium parahyba. Overall, this research confirms our prediction that the CPOM budget of this Atlantic Rainforest stream is driven in large part by precipitation.
Introduction
Studies that describe organic matter budgets in streams, particularly those that quantify energy inputs and exports, are critical to accurately evaluate the integrity and function of these highly dynamic ecosystems (Tank et al. 2010) . For most forest streams, this energetic balance is best understood when looking at the organic matter derived from riparian vegetation, a key player in the energy cycle of these environments (Gregory et al. 1991; Naiman and Décamps 1997) . In forested catchments, headwater streams are often heterotrophic (Cummins et al. 1973; Vannote et al. 1980) , and their communities depend on allochthonous organic matter leaf litter input from the riparian zone (Cummins and Klug 1979; Wallace et al. 1997) . Therefore, the riparian zone is essential for the maintenance of productivity of small forest streams (Wallace et al. , 1999 Naiman and Décamps 1997; Magana 2001) .
Many factors influence how allochthonous energy is incorporated into streams. On a global scale, organic matter dynamics in stream ecosystems are driven primarily by climate through its effect on terrestrial vegetation . According to Wantzen et al. (2008) , temporal variation in allochthonous input can be driven by the vegetation phenology, litter retention mechanisms and local climate. The structure and composition of the riparian vegetation determines when the foliage falls (Tank et al. 2010) , and the specific composition of the detritus varies with vegetation, physical structure (Conners and Naiman 1984) and biodiversity of the riparian ecosystem (Wantzen et al. 2008) .
Precipitation is also an important determinant of the flux of detrital organic matter into forested streams. According to Benfield (1997) , a direct correlation exists between leaf litter input into systems and the annual precipitation levels of such sites. Nevertheless, water outflow directly affects the retention capacity of a river, and can strongly influence the stocks of organic material in aquatic ecosystems (Pozo et al. 1997a; Acuña et al. 2007) . Floods can increase the input of organic matter to streams, but, in general, floods result in a reduction in organic matter standing stock as a consequence of scouring.
Coarse particulate organic matter (CPOM) can either enter streams vertically (i.e. by falling directly from the canopy into the stream) or horizontally (i.e. the lateral movement of material from stream banks into the stream) (Benfield 1997) . Past studies have shown that vertical pathways of CPOM flux contribute more organic matter to streams (80-90%) than horizontal pathways (Conners and Naiman 1984; Benson and Pearson 1993; Benfield 1997) . This material consists of leaves, flowers, seeds, sticks, hulls, fruits and other plant parts (Benfield 1997) , with leaves as the greatest constituent, that can represent ,41-98% of total organic matter (Benson and Pearson 1993; Abelho and Graça 1998; França et al. 2009 ).
Compared with tropical systems, temperate regions often experience strong seasonal variation in input rates, with most leaf litter entering the stream during the autumn (Fisher and Likens 1973; Benfield 1997; Pozo et al. 1997a) . Tropical rivers that have two distinct seasons (dry and rainy) present a greater input of detritus at the end of the dry season (Gonçalves et al. 2006; Selva et al. 2007; França et al. 2009; Carvalho and Uieda 2010) . It is known that different biomes have specific forest formations, each one with specific phenological, geomorphological and climatic conditions. For this reason, it is important to have studies in different ecosystems to clarify the patterns of CPOM inputs in different conditions, towards an understanding of the organic matter budgets of the ecosystem for its conservation.
The objective of this study was to investigate the CPOM dynamics of an Atlantic Rainforest stream over an entire year (13 months). We hypothesised that CPOM dynamics would be driven in large part by seasonal precipitation patterns despite the fact that the region may not have wet and dry seasons as distinct as other rainforest biomes. We also investigate associated patterns in temperature and photoperiod. Specifically, we addressed the following questions:
1. What is the relative contribution of vertical v. lateral inputs? 2. How do precipitation-driven inputs of new CPOM compare to precipitation-driven changes to standing stocks? 3. How does CPOM composition vary throughout the year?
Methods

Study site
The study was conducted in the Cachoeira Grande stream (27844 0 S, 48831 0 W), a third-order stream located on Santa Catarina Island in southern Brazil. The watershed of the stream is located within the Municipal Park of Lagoa do Peri, which is a conservation area that was created in 1981 to protect the drinking water supply of the city. This Atlantic rainforest stream is at an advanced stage of regeneration (Caruso 1990) , with thick canopy cover of 73-88%. The dominant plant families are Myrtaceae, Fabaceae, Rutaceae, Lauraceae, Meliaceae, Apocynaceae and Palmae (Wettstein 1970) . The climate has been described as having no distinct wet and dry seasons (Nascimento 2002) , unlike many other tropical rainforests, yet rainfall records since 1992 show higher rates of precipitation in summer months from December to March (Fig. 1 ). In addition, catastrophic flood events (.400 mm) since 1992 have all occurred in December, January and February.
Cachoeira Grande stream begins at ,280 m altitude and has a generally steep slope of 0.24-0.26 m m À1 . The drainage area is 1.66 km 2 , and the stream runs for 1.17 km before reaching the Lagoa do Peri (Dos Santos et al. 1989 ). The study reach has steep banks of 22.5-37.58 due to an incised channel.
Experimental design and methods CPOM inputs were sampled at five points separated by 20 m along a 100-m section of the Cachoeira Grande stream. At each point, four separate CPOM parameters were measured monthly:
(1) vertical inputs, (2) lateral (horizontal) inputs, (3) terrestrial (riparian) stocks, and (4) benthic standing stocks. Samples were collected every 30 days from August 2010 to August 2011.
Vertical input
To measure the allochthonous CPOM falling directly into the stream water, three ropes were hung over each site 2 m above the water. Each rope had 6 buckets of 26-cm diameter (0.053 m 2 ) with small holes to drain the water (total 18 buckets per site).
Lateral input CPOM that entered from the ground into the stream was measured using nets shaped as goals of 0.5 m long by 0.2 m high by 30 cm deep with 5-mm mesh. The nets were attached along the stream margins in order to capture the entering CPOM litter into the water. Two nets were placed at each sampling point on alternating sides of the stream for a total of 10 nets per site.
Terrestrial-riparian stock
Additional litter traps were set up to capture matter falling from riparian vegetation not directly over the stream (considered as a potential source of CPOM entering the streambed). The nets were 1 m 2 and 10 cm deep with 5-mm mesh and were attached to trees. Two nets were placed at each sampling point in alternating sides of the stream margin for a total of 10 nets per site.
Benthic stock (organic matter standing stocks) Plant CPOM retained by the riverbed was measured using a Surber collector (0.32 Â 0.32 m) with 0.25-mm mesh size. At each sampling site, three random samples were taken from retained benthic litter of the riverbed.
All material was dried and stored at 608C for a minimum of 3 days until a stable weight was reached, and dry weights were measured according to the categories: leaves; branches; reproductive parts and others (small fragments). All weights were converted to rates (g m À2 month À1 ), and for the lateral traps this was accomplished by using the width of the stream where the lateral traps were located. Leaves were identified to the lowest taxonomic level when possible using Sobral et al. (2006) and morphological comparisons with previously identified samples from another ongoing study.
Canopy cover measures were taken at each sample site by analysing the number of black pixels in fisheye lens photographs. We measured bank slope at each lateral trap using a manual clinometer. Data for rainfall, wind intensity and average air temperatures throughout the study period were provided by the EMS meteorological station of the Brazilian aircraft. For the analysis, mean temperatures, winds and accumulated precipitation data from the previous 30 days before sampling were considered. The monthly values of photoperiod were considered for the 278 latitude at the 15th day of each month.
Statistical analysis
The five sample sites were considered replicates for each month. Differences between vertical and lateral inputs, and between terrestrial and benthic stocks were assessed by a t-test for independent samples, comparing CPOM values for the 13 months. Temporal variations of inputs and stocks were assessed with a Kruskal-Wallis ANOVA (KW) test, using CPOM biomass as the dependent variable and month as the independent variable. KW was also used to verify that replicates were similar within a single month, using total input as dependent variable and sampling point as independent variable. To detect influences of environmental variables on the input patterns of plant CPOM, a Spearman correlation matrix was done using standardised biomass and relative monthly averages of the measured variables. We used non-parametric statistics because the normal distribution hypothesis for all inputs and stocks was rejected (Shapiro-Wilk test: P , 0.01).
Results
Dynamics and environmental factors
The mean (AEs.d.) lateral input was 70.5 g m À2 month À1 (AE108) and was significantly higher than the vertical input of 32.4 g m À2 month À1 (AE17.5) (t ¼ À2.8, d.f. ¼ 128, P , 0.01). The rates of falling CPOM in the forest (terrestrial stock) was 69.1 g m À2 month À1 (AE40.1), which was higher than the input rate over the stream (t ¼ À6.79, d.f. ¼ 128, P , 0.01). Benthic stocks averaged 115.5 g m À2 month À1 (AE123.3), which was not different (t ¼ À0.62, d.f. ¼ 128, P , 0.01) from the combined vertical plus lateral inputs of 102.7 g m À2 month À1 (AE108.5), indicating no net gain or loss of CPOM through the study period (Fig. 2) . Finally, the average amount of CPOM did not vary between the sampling sites (KW: H ¼ 6.6 (4, n ¼ 65), P ¼ 0.15).
There was significant temporal (among-month) variation in total CPOM inputs for both vertical (KW: H ¼ 26.1 (12, n ¼ 65), P , 0.05) and lateral (KW: H ¼ 22.1 (12, n ¼ 65), P , 0.05) inputs. The largest input rates were observed in February and August 2011, and the lowest were observed in August 2010 and January 2011. Lateral input varied from 288.77 g m À2 month À1 in February 2011 to 19.44 g m À2 month À1 in August 2010, and the vertical input varied from 57.79 g m À2 month À1 in August 2011 to 19.63 g m À2 month À1 in August 2010 (Fig. 3) .The standing stocks (KW: H ¼ 34.4 (12, n ¼ 65), P , 0.05) and terrestrial falling rates (KW: H ¼ 32.7 (12, n ¼ 65), P , 0.05) also showed temporal variation in the CPOM budgets among the months (Fig. 4) .
A direct correlation was observed between rainfall and total CPOM input into the stream (Spearman: r ¼ 0.27, 
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Marine and Freshwater Research C P , 0.01), as well as rainfall with the lateral input (Spearman: r ¼ 0.34, P , 0.05). Lateral input also showed a positive correlation with bank slope (Spearman: r ¼ 0.27, P , 0.05). CPOM standing stocks showed negative correlation with rainfall (Spearman: r ¼ À0.26, P , 0.05), and terrestrial falling rates were positively correlated with the wind intensity (Spearman: r ¼ 0.4, P , 0.05) (Table 1) .
Species composition
Leaves represented 57.5% of all CPOM biomass collected during the study. Branches represented 25.2%, reproductive parts 5.1% and others 12%. For all pathways and stocks the litter was primarily composed of leaves, representing 77.8% of vertical and 43.6% of lateral inputs, and 58.5% of terrestrial and 45.6% of benthic stocks. Leaves were identified to 122 vascular plant taxa and subdivided into 45 families (Appendix). Five families contributed 71.9% of the total leaf biomass entering the stream: Fabaceae was the most representative, with 30% of this total, followed by Moraceae (17.4%), Euphorbiaceae (11.6%), Sapindaceae (7.5%) and Myristicaceae (5.3%). Families with the largest number of taxa were Myrtaceae and Lauraceae.
The main riparian species contributing CPOM to the stream was Schizolobium parahyba (Vell.) Blake, which represented more than 25% of the total leaf biomass in the riparian zone. This species presented a mean leaf input of 7.2 g m À2 month À1 , being predominant in all pathways. Other significant species were Ficus eximia Schott (4.0 g m À2 month À1 ), Virola bicuhyba (Schott ex Spreng.) Warb. (3.7 g m À2 month À1 ), Ficus adhatodifolia Schott ex Spreng. (2.1 g m À2 month À1 ), Cupania vernalis Cambess. (2.3 g m À2 month À1 ) and Tetrorchidium rubrivenium Poepp. (1.1 g m À2 month À1 ). These six species were responsible for 52% of the total leaf input.
Considering the main species, average temperature and photoperiod were the principal factors related to leaf fall. Input of S. parahyba was negatively related to mean temperatures (Pearson: r ¼ À0.62, P , 0.05) and photoperiod (Pearson: r ¼ À0.59, P , 0.05). The species F. eximia was also negatively correlated with mean temperatures (Pearson: r ¼ À0.26, P , 0.05). Conversely, the species C. vernalis and V. bicuhyba showed positive correlations with mean air temperatures and photoperiod (Table 1) , which indicates that there is some seasonality in leaf input rates, although the patterns are complex and species-dependent.
Temporal variations were observed in the input of main species (Fig. 5 ). S. parahyba (KW: H ¼ 35.5 (12, n ¼ 65), P , 0.05) had peaks of leaf fall during the months of August and September of 2010, and again in May and August of 2011. The species F. eximia had peaks of leaf fall in September and October 2010 and between June and August 2011, but temporal variation was not significant (KW: H ¼ 17.9 (12, n ¼ 65), P ¼ 0.1). The species C. vernalis (KW: H ¼ 22.6 (12, n ¼ 65), P , 0.05) showed highest rates of input between October 2010 and February 2011. F. adhatodifolia showed greater input between October and December 2010, but showed no temporal variation (KW: H ¼ 11.9 (12, n ¼ 65), P ¼ 0.4). The species V. bicuhyba showed an increase in leaf input between November and December 2010, but also no temporal variation (KW: H ¼ 19.1 (12, n ¼ 65), P ¼ 0.08). T. rubrivenium had peaks of input between September and November 2010, without temporal variation (KW: H ¼ 14.9 (12, n ¼ 65), P ¼ 0.2). 
Discussion
As predicted, we found that the CPOM dynamics of this Atlantic Rainforest stream were driven by seasonality in rainfall. Torrential rainfall events resulted in greater rates of lateral inputs of litter. Thus, even though the lateral input pathway was always greater than the vertical pathway, these differences were magnified in rainy periods. In addition, rain events reduced the benthic stocks of CPOM, but we did not find either a loss or gain of CPOM stocks compared with new inputs. Unlike previous research, we did find that these patterns demonstrated wet-dry season seasonality that was consistent with the recent precipitation record. Finally, a small subset of families within the greater riparian tree community contributed most CPOM mass to the stream, and the dynamics of these species were often driven by patterns in temperature and photoperiod. Thus, even though these major contributions were less directly linked to precipitation, other indirect factors that co-occur with wet-dry seasonality were still important. Overall, these results show that we need to consider the importance of seasonality in rainforest streams of southern Brazil.
Vertical v. lateral inputs It has previously been shown that the vertical CPOM input pathway was greater than the lateral pathway in various tropical streams (McClain and Richey 1996; Afonso et al. 2000; Gonçalves et al. 2006; Selva et al. 2007; Colón-Gaud et al. 2008; Carvalho and Uieda 2010) and temperate forested streams (Fisher and Likens 1973; Pozo et al. 1997b; Acuña et al. 2007; Hart et al. 2013 ). However, we found instead that the lateral pathway was more important than the vertical pathway in all months, and that this difference was magnified during rainy periods. Only a few studies have shown greater lateral inputs (e.g. França et al. 2009; Kochi et al. 2010) . This may indicate that Atlantic Rainforest streams have unique patterns of CPOM dynamics (see Fig. 6 ), or that differences in methodology between the studies were important. Here it is also important to assess the limitations of our study in extending these results to other systems, given the lack of replication. The seasonality of inputs found here can be characteristic of this forest formation, but the prevalence of lateral over vertical inputs can be a characteristic of our study reach. This stream is within a basin with high rates of leaf deposition onto the forest floor, as well as with steep slopes and periodically high rainfall that are conducive to the lateral input pathway. Thus, further research should incorporate climatic and topographic mechanisms to understand the contributions of this important energy source. As already evidenced, bank slope as well as soil characteristics and surface runoff are closely related to the lateral input in streams (Acuña et al. 2007; Wantzen et al. 2008) . Moreover, Hart et al. (2013) have observed a correlation between increasing lateral input rates and increasing steepness, and Kochi et al. (2010) assumed that topography was the responsible factor for the high rate of lateral input, which overcame the vertical one, given the high slope of more than 458 in the studied stretch.
CPOM composition
The results indicate that species composition of leaf litter inputs varied throughout the year. S. pahrahyba and Ficus eximia had greatest input rates in the winter, whereas C. vernalis and V. bicuhyba showed elevated input rates during the summer.
Considering the different ecological and phenological behaviours of each species, the large diversity of plants contributing with leaf input may be resulting in an input 'always present', changing the key species throughout the year. In this way, the vertical input is being driven by riparian species composition and the effect of climate on them. The timing of CPOM inputs found here might influence food web structure in the stream, especially in terms of communitylevel effects and leaf litter resource quality. Rainstorms represent 'pulses' of input and output, along with the elevation of stream discharge, should cause dramatically changes in the resources available to consumers, both in terms of quantity, quality and the spatial distribution of those resources. Litterconsuming invertebrates are likely to select palatable, highquality leaves as food (Schindler and Gessner 2009 ). According to field observations, in our studied stream some leaves should be more palatable and others much more resistant. However, although variation in the input composition affects litter quality, macroinvertebrates tend to colonise similarly different leaf species (Abelho 2008) , and the mixture of different leaf species seems to have no effect on mean decomposition rates (Schindler and Gessner 2009 ), suggesting that ecosystem processes are not drastically influenced by variations in input composition.
In temperate ecosystems, where seasonality is well defined, the riparian vegetation is usually of low diversity. In Central Europe, for example, it is common to find fewer than 10 species contributing leaf litter to streams (Wantzen et al. 2008 ). The 122 plant species found in our study surpasses not only the riparian plant diversity reported for temperate stream systems, but also other tropical systems (França et al. 2009 ). This high species richness rate can provide a great variability of resources quality, as well as more opportunities of possible niches. Leaves formed the majority of the CPOM budgets in this stream, as observed in other studies performed in temperate and tropical ecosystems. Certain tree species contribute the majority of this biomass, making them regulators and determinants of the aquaticterrestrial linkage of this system. In this way, our results suggest that the six main species found here can be treated as key species for the organic matter dynamics of this stream, and could have importance in others similar environments.
